Smoking cessation results in withdrawal symptoms such as craving and negative mood that may contribute to lapse and relapse. Little is known regarding whether these symptoms are associated with the nicotine or non-nicotine components of cigarette smoke. Using arterial spin labeling, we measured resting-state cerebral blood flow (CBF) in 29 adult smokers across four conditions: (1) nicotine patch þ denicotinized cigarette smoking, (2) nicotine patch þ abstinence from smoking, (3) placebo patch þ denicotinized cigarette smoking, and (4) placebo patch þ abstinence from smoking. We found that changes in self-reported craving positively correlated with changes in CBF from the denicotinized cigarette smoking conditions to the abstinent conditions. These correlations were found in several regions throughout the brain. Self-reported craving also increased from the nicotine to the placebo conditions, but had a minimal relationship with changes in CBF. The results of this study suggest that the non-nicotine components of cigarette smoke significantly impact withdrawal symptoms and associated brain areas, independently of the effects of nicotine. As such, the effects of non-nicotine factors are important to consider in the design and development of smoking cessation interventions and tobacco regulation.
INTRODUCTION
Chronic tobacco smoking leads to changes in brain physiology, such as an upregulation of nicotinic acetylcholine receptors (nAChRs) (Watkins et al, 2000) , and tobacco withdrawal is marked by symptoms, such as anxious and irritable mood, craving, and difficulty concentrating (APA, 2000; Hughes and Hatsukami, 1986) . Among habitual smokers, these symptoms may begin within an hour after the last cigarette (Hendricks et al, 2006) and can last for weeks (Gilbert et al, 1998 (Gilbert et al, , 2002 . The subjective craving phenomenon is not trivial-it predicts relapse following a quit attempt (Killen and Fortmann, 1997 )-although little is known regarding the links between craving, withdrawal and brain physiology, or the differential influence of nicotine and non-nicotine factors on these phenomena.
Nicotine and non-nicotine factors in smoking
Although nicotine is the most studied psychoactive constituent of tobacco smoke, non-nicotine factors are believed to contribute to smoking reward and reinforcement as well (Rose, 2006) . More than 5000 components have been identified in tobacco smoke (Rodgman and Perfetti, 2013) , and some of these components have psychoactive effects that may contribute to tobacco's addiction liability (Talhout et al, 2007) . Moreover, the sensorimotor effects of smoking cigarettes are known to have a critical influence on the subjective experience of smoking, and these effects may be an essential element of cue-conditioning and the persistence of craving. Although many of the sensory effects of smoking (eg, taste, aroma, impact on throat) can be irritating at first, they may become reinforcing as they are repeatedly paired with nicotine (Bevins and Palmatier, 2004; Rose and Levin, 1991) . Indeed, smokers are sensitive to changes or blockade of these sensations (McClernon et al, 2007; Perkins et al, 2001; Rose et al, 1990) and cite them as a motive for continued smoking (Piper et al, 2008) . Smokers also report that they miss the act of smoking a cigarette following cessation (Rose et al, 1990) . Consistent with the above, denicotinized cigarettes, in which the sensorimotor and non-nicotine psychoactive components of smoking are experienced in the absence of nicotine, have been shown to suppress withdrawal symptoms (eg, irritability and anxiety) (Gross et al, 1997; Pickworth et al, 1999) and craving (Buchhalter et al, 2005; Rose and Behm, 2004) . For example, smokers reported a reduction in cravings after smoking denicotinized cigarettes and separately after an infusion of intravenous nicotine; however, denicotinized cigarettes produced a pleasurable subjective experience, whereas nicotine alone did not (Rose et al, 2000) . Furthermore, smoking behavior among habitual smokers can be maintained by denicotinized cigarettes alone (Donny et al, 2007) .
Nicotine, Smoking, and Cerebral Blood Flow
A number of previous studies have investigated the effects of nicotine, smoking and smoking withdrawal on regional cerebral blood flow (rCBF). Nicotine and tobacco smoke have both vasoconstrictive and vasodilatory effects on the cerebrovasculature (Iida et al, 1998) . Long-term cigarette smoking has been shown to reduce rCBF (Rogers et al, 1985; Yamashita et al, 1988) ; however, overnight abstention from cigarettes among chronic smokers has been shown to have limited or no effect on rCBF (Shinohara et al, 2006; Tanabe et al, 2008) . Other studies have shown both increases and/or decreases in rCBF owing to nicotine administration or cigarette smoking (Mathew and Wilson, 1991; Domino et al, 2000 Domino et al, , 2004 Rose et al, 2003) ; some of these differences may depend on whether smokers were tested in an abstinent or satiated state (Zubieta et al, 2005; Tanabe et al, 2008) or on the measures used to quantify rCBF (eg, magnetic resonance imaging vs positron emission tomography).
Although the effects of nicotine and cigarette smoke on rCBF have been somewhat inconsistent, studies have more reliably found correlations between subjective reports of withdrawal symptoms (including craving) and changes in rCBF (Franklin et al, 2007; Rose et al, 2003; Tanabe et al, 2008; Wang et al, 2007) . Resting-state rCBF may indirectly reflect neural activity or synaptic function related to tobacco addiction and craving. Studies measuring rCBF have shown positive correlations with craving in regions including the pons, midbrain, thalamus, and occipital cortex (Rose et al, 2003) , as well as the posterior cingulate and dorsolateral prefrontal cortices (Franklin et al, 2007) . Specifically, a positive correlation between rCBF in the anterior cingulate and hippocampus with changes in craving scores was reported before and after smoking the first cigarette of the day (Zubieta et al, 2005) . Increased craving also predicted increased rCBF from smoking satiety to abstinent conditions in regions including the frontal and occipital lobes, striatum and thalamus , suggesting increased neural activity in these regions underlies abstinence-induced cravings. Nicotine, in the absence of smoking, has been shown to produce a negative correlation between a change in reported withdrawal symptoms and a change in thalamic cerebral blood flow (CBF) in overnight withdrawn smokers (Tanabe et al, 2008) . Although these and other studies suggest a relationship between smoking, withdrawal symptoms, and CBF, it is still unclear whether this relationship is moderated by nicotine or by the non-nicotine components of cigarette smoke.
The Present Study
Over the last decade, there has been a growing appreciation of the importance of the sensorimotor and non-nicotine psychoactive components of cigarette smoking in smoking initiation, maintenance, and relapse. However, very little work has been conducted to specifically evaluate the neurobiological basis of differences in the effects of nicotine and non-nicotine factors. The current study was designed to investigate the main and interactive effects of nicotine and non-nicotine components of smoking. The study also addressed whether the change in nicotine levels or nonnicotine components of cigarette smoke affected the relationship between craving and CBF. Smokers were scanned on four separate occasions using a factorial design: following 24 h of wearing either a 21 mg/day nicotine or placebo patch combined with 24 h of smoking denicotinized cigarettes or remaining smoking abstinent. Craving and other withdrawal symptoms, as well as CBF, were measured in each of the four conditions. A control group of nonsmokers were scanned once and provided a comparison group for validating our assessment of global CBF.
MATERIALS AND METHODS

Participants
Thirty-five smokers, aged 18-55 years, were recruited from the community and completed all aspects of the study. Smokers were included in the study if they were generally healthy, right-handed, smoked X10 cigarettes/day of a brand delivering40.5 mg of nicotine according to the standard Federal Trade Commission method for at least 2 years, were not using any nicotine products other than cigarettes, and had no desire to quit smoking while participating in the study. Smokers were required to have an expired CO concentration of X10 ppm or 100 ng/ml or greater of urinary cotinine (Nicalert) on the day of the screening visit. Exclusionary criteria included serious health problems (eg, hypertension), currently undergoing treatment for psychiatric illness, taking any medication that affects the central nervous system, any conditions that would make MRI unsafe, having a positive urine drug screen, and having a positive serum pregnancy test (for women).
An age-, race-, and sex-matched sample of nonsmokers was also recruited for comparison. The nonsmokers had the same inclusion/exclusion criteria, except that nonsmokers were required to have smoked o50 cigarettes in their lifetime, and have an expired CO concentration of p5 ppm and less than 100 ng/ml of urinary cotinine (Nicalert) on the screening visit.
All participants read and signed a consent form prior to participation. All procedures were approved by the Duke University Medical Center Institutional Review Board. Participants completed a screening session where they provided breath and urine samples, underwent a medical evaluation, and completed questionnaires regarding smoking history and suitability for MRI research. Using a withinsubjects design, smokers underwent four imaging sessions at least 4 days apart. For 24 h prior to each session, smokers wore either a nicotine (21 mg Nicoderm CQ) or placebo patch, and either smoked denicotinized cigarettes (Quest 3, Vector Tobacco Co.) or abstained from smoking. Abstinence was verified by expired CO on the scan day. Patches were repackaged and were administered double-blind. Denicotinized cigarettes were mentholated or non-mentholated according to the participant's preference. During the denicotinized cigarette condition, participants were instructed to smoke as usual in the 24 h up to and immediately before the scan; participants were aware the cigarettes were denicotinized. There were four conditions in a 2 (PATCH) Â 2 (SMOKE) design: (1) nicotine patch þ denicotinized cigarette smoking (NIC/DENIC), (2) nicotine patch þ abstinent from smoking (NIC/ABST), (3) placebo patch þ denicotinized cigarette smoking (PLA/DENIC), and (4) placebo patch þ abstinent from smoking (PLA/ABST). Nonsmokers were scanned on a single occasion.
Questionnaires
Smokers completed the Fagerstrom Test for Nicotine Dependence (FTND) (Heatherton et al, 1991) at screening and a modified version of the Shiffman-Jarvik Withdrawal Questionnaire (SJWQ; (Shiffman and Jarvik, 1976) to measure craving and withdrawal symptoms at the beginning of each scanning session. A 32-item measure, the SJWQ contains six subscales and asks the individual to evaluate on a scale of 1-7 the extent to which she/he agrees with each question regarding craving (eg, Are you thinking of cigarettes?), negative affect (eg, Do you feel irritable?), appetite (eg, Do you feel hungrier than usual?), arousal (eg, Are you able to concentrate?), somatosensory symptoms (eg, Do you have an upset stomach?), and habit withdrawal (eg, Do you miss having something to do with your hands?).
Imaging
Scans were conducted on a 3.0 T GE EXCITE HD scanner equipped with 40 mT/m gradients (Waukesha, WI). Pulsed arterial spin labeling (pASL) was used to measure CBF with a modified flow-sensitive alternating inversion recovery sequence (Kim, 1995) using QUIPSS II saturation pulses (Wong et al, 1998) . This technique provides a quantitative measure of CBF by magnetically tagging arterial blood and measuring the flow of this blood into the imaging slice, whereas minimizing the problem of the variable transit delay between the arterial tag and the entry of the blood into the imaged slice (Wong et al, 1998) . After localizer images were obtained, 53 resting label/control image pairs were obtained using the following parameters: TR ¼ 4000 msec, TE ¼ 3 msec, TI1 ¼ 600 msec, TI2 ¼ 1600, field of view ¼ 220 Â 220 mm, acquisition matrix ¼ 64 Â 64, flip angle ¼ 90 degrees, 24 slices with 1-mm slice gap acquired inferior to superior, original voxel size ¼ 3 Â 3 Â 5 mm.
During the scan, participants rested with eyes open. Alertness was monitored via a camera attached to the headcoil. Following the ASL sequence were blood oxygen level-dependent functional imaging runs, the data from which will be presented elsewhere. A high-resolution anatomical scan was acquired last using a 3D fast spoiled gradient echo (FSPGR) sequence with the following parameters: TR ¼ 7.292 msec, TE ¼ 2.952 msec, TI ¼ 450 msec, field of view ¼ 256 Â 256 mm, acquisition matrix ¼ 256 Â 256, flip angle ¼ 25 degrees.
CBF images were realigned and motion corrected using AFNI software (http://afni.nimh.nih.gov/), then converted into quantitative maps using a method described in (Wong et al, 1998) and with a script provided by the Cerebral Blood Flow Biomedical Informatics Research Network (https://cbfbirn.ucsd.edu/). Subsequently, images were coregistered and normalized to an MNI template then smoothed with an 8-mm Gaussian filter using SPM8 (http:// www.fil.ion.ucl.ac.uk/spm/software/spm8/).
To extract average gray matter CBF (gCBF), the MNI template was segmented using fslmaths (http://fsl.fmrib.ox.-ac.uk/fsl/fslwiki/) to create a mask of voxels with a 51% probability of gray matter. This mask was applied to each individual's smoothed CBF image and the average voxel value in ml blood/100 g tissue/min was quantified using fslstats (excluding voxels with zero values) (http://fsl.fmrib. ox.ac.uk/fsl/fslwiki/).
Data Analysis
Participant demographics were explored using w 2 and independent samples t-test. CO levels and self-reported withdrawal symptoms were investigated separately using 2 (PATCH) Â 2 (SMOKE) analyses of variance (ANOVA). An exploratory analysis of sex differences in self-reported withdrawal symptoms revealed no significant effects; thus, sex was not included as a variable of interest in further analyses. Changes in whole-brain gCBF within smokers were analyzed using a 2 (PATCH) Â 2 (SMOKE) ANOVA. Differences between smokers and nonsmokers were analyzed using a univariate ANOVA. Results were considered significant using a criterion alpha (two-tailed) ¼ 0.05.
Regional differences in CBF (rCBF) were investigated using a 2 (PATCH) Â 2 (SMOKE) ANOVA and regression analyses. The change in CO levels between conditions was used as a covariate of no interest in the rCBF regression analyses in order to control for the vasodilatory effects of CO (Sinha et al, 1991) . Lastly, we investigated the relationship between changes in withdrawal symptoms and changes in rCBF. For both the self-report symptoms and the rCBF maps, change scores for the PATCH effect were calculated by taking the average of the two placebo conditions (PLA/ DENIC þ PLA/ABST) and subtracting the average of the two nicotine conditions (NIC/DENIC þ NIC/ABST). Similarly, change scores for the SMOKE effect were calculated by taking the average of the two ABST conditions (PLA/ ABST þ NIC/ABST) and subtracting the average of the two DENIC smoking conditions (PLA/DENIC þ NIC/DENIC). The change in the subscales craving, habit withdrawal, and negative affect were entered into multiple regression analyses with the change in rCBF and separately with the change in gCBF, controlling for sex and changes in CO levels. Main effects and regression analyses for rCBF were considered significant if they passed a statistical threshold of po0.05 cluster corrected. Cluster size for the comparisons was determined using AlphaSim and running Monte Carlo simulations (Ward, 2000) (po0.005, uncorrected; X157-voxel cluster of contiguous significant voxels).
Out of 35 smokers, 1 participant was removed for not following the request to abstain from smoking during the no smoking conditions (based on CO levels on the study day), 2 participants were removed for excessive motion on one or more study day (46 mm), and 4 participants were removed for hyperintensities or artifacts in their CBF images. Thus, 9 smokers (116 scans) were included in the data analysis. Out of 32 nonsmokers, 3 participants were removed for hyperintensities or artifacts on their CBF images. Twenty-nine nonsmokers were included in the data analysis.
RESULTS
Participants
The sample of smokers (n ¼ 29, 14 women) was (mean ± SD) 38 ± 10 years of age and consisted of 14 Caucasians, 1 Asian, and 14 African-Americans. Smokers had an FTND score of 5.2±2.2 and smoked 17±5 cigarettes per day for the past 21 ± 10 years. The nonsmoker sample (n ¼ 29, 11 women) was 37 ± 11 years of age and consisted of 18 Caucasians, 1 Asian, and 10 African-Americans. There were no significant differences in age, sex, or racial distribution between the smokers and nonsmokers.
CO Level
As expected, smoking denicotinized cigarettes was associated with higher CO levels compared with abstinence (main effect of SMOKE: 15 ± 1 vs 4 ± 2 ppm, F(1,28) ¼ 43.1, po0.001). There was no effect of PATCH on CO levels.
Withdrawal Symptoms
Smokers reported more withdrawal symptoms in the ABST condition than in the DENIC condition. These main effects of SMOKE were observed for self-reported craving (F(1,28) ¼ 12.38, p ¼ 0.002), negative affect (F(1,28) ¼ 18.65, po0.001), and habit withdrawal (F(1,28) ¼ 25.63, po0.001); see Figure 1 . Likewise, smokers reported more withdrawal symptoms in the PLA condition than in the NIC condition resulting in less robust but still significant main effects of PATCH for these same subscales: craving (F(1,28) gCBF Consistent with previous literature (Gur and Gur, 1990) , female smokers had greater gCBF than male smokers (42.42 ± 6.34 vs 33.38 ± 5.96 ml/100 g/min; F(1,27) ¼ 15.68, po0.001). However, there were no main effects of PATCH or SMOKE, or any interactions, on gCBF among smokers. After controlling for sex, there was a trend towards less gCBF among smokers compared with nonsmokers (37.74±7.59 vs 43.14± 10.80 ml/100 g/min; F(1,57) ¼ 3.6, p ¼ 0.062), see Figure 2 . 
Correlations between Withdrawal Symptoms and CBF
Only the SJWQ subscales significantly affected by the SMOKE and PATCH conditions (craving, negative affect, and habit withdrawal) were included in the correlation analyses with global and regional CBF.
For the SMOKE condition (ABST-DENIC), change in craving was the only subscale that significantly correlated with change in gCBF (r ¼ 0.40, p ¼ 0.035). None of the withdrawal subscales significantly predicted gCBF for the PATCH condition (PLA-NIC).
The changes in withdrawal scores and in rCBF for the SMOKE condition (ABST-DENIC) were entered into a multiple regression analysis. There were positive correlations between changes in craving scores and changes in rCBF throughout the frontal, parietal, and temporal cortices. These correlations also extended into the occipital cortex and cerebellum, see Figure 3 . In other words, the magnitude of change in craving symptoms from the denicotinized cigarette smoking condition to the abstinent condition corresponded to the magnitude of change in rCBF between conditions throughout several brain regions. Positive correlations were also found between reports of negative affect and rCBF in the right temporal lobe and in the left cerebellum. Habit withdrawal negatively correlated with rCBF in the cerebellum/brain stem, see Table 1 .
Likewise, the changes in withdrawal scores and in rCBF between the PATCH conditions (PLA-NIC) were investigated. There was a positive correlation between craving scores and rCBF in the right occipital pole, and there were negative correlations between habit withdrawal scores and rCBF in the bilateral occipital cortex and the right cerebellum; see Table 2 .
DISCUSSION Summary
The current study evaluated the relationship between nicotine, cigarette smoking, and resting-state rCBF. Using a factorial design, we manipulated both nicotine and smoking conditions to isolate their main effects and/or interactions on CBF. Consistent with prior reports, the effects of nicotine and non-nicotine smoking factors on global and regional CBF were minimal. However, changes in rCBF from the smoking to the abstinent conditions correlated with changes in self-reported craving and other withdrawal symptoms in parts of the frontal, parietal, occipital, temporal, and cerebellar cortices. Similar results have been reported previously; however, earlier studies were unable to separate nicotine from non-nicotine contributions to this relationship. Changes in withdrawal symptoms also correlated with changes in rCBF from the placebo patch to the nicotine patch conditions, albeit to a much lesser extent. Overall, the results of this study show that, after controlling global CBF across the four conditions and nonsmokers' CBF from a single scan. There was no effect of PATCH or SMOKE conditions on smokers' CBF. On average, smokers had a trend towards less CBF than nonsmokers, controlling for sex (po0.07). Error bars are SEM. Figure 3 Statistical parametric maps of the correlation between changes in self-reported craving and changes in rCBF for the main effects of the SMOKE condition (ABST-DENIC). Positive correlations were found in frontal, parietal, occipital, temporal, and cerebellar cortices. Cluster corrected threshold po0.05 (po0.005 uncorrected, X157 contiguous voxels). Color bar indicates t-score values.
for nicotine, the sensorimotor and non-nicotine psychoactive components of cigarette smoke significantly impact craving and associated brain regions. These results suggest there is increased activity in a fronto-temporo-cerebellar circuit that underlies the sensation of craving, and activity in this circuit is reduced by the act of smoking denicotinized cigarettes-in other words, sensations of craving and regional brain activity are suppressed by the non-nicotine psychoactive and sensorimotor components of tobacco smoke rather than by nicotine alone.
Craving and Resting-State CBF
A previous study by Wang et al (2007) , which used similar imaging methods, assessed CBF in smokers during smoking satiety and after X12 h of smoking abstinence. Although there was a limited effect of abstinence on rCBF and no effect on gCBF, the authors reported that abstinenceinduced craving correlated with abstinence-induced changes in rCBF in a number of cortical and subcortical areas; in particular, the thalamus, nucleus accumbens, temporal cortex, and prefrontal cortex. Other withdrawal symptoms, when combined into a single score, also correlated with rCBF, although in fewer brain regions. They concluded that the correlations were primarily found in regions rich in a4b2 nAChRs linked with learning and memory and/or attention and behavioral control, and that these regions are specifically related to craving (rather than global withdrawal symptoms). Our study expanded on this research by separating the effects of nicotine from the act of smoking. Although we found few brain areas of overlap with Wang et al, the relationship we found between craving and rCBF from the ABST to the DENIC condition is unlikely to be caused by nicotine acting on its receptors (although denicotinized cigarettes contain trace amounts of nicotine, see limitations below). Rather than being specific to actions at nicotine receptors, the measure of resting-state rCBF may indirectly reflect neural activity related to tobacco addiction and craving. In support of this, the change in craving scores from smoking denicotinized cigarettes to smoking usual brand cigarettes was found to negatively correlate with regional cerebral metabolic rate for glucose (rCMRglc) in the ventral striatum, orbitofrontal cortex, and pons . Another study showed a negative correlation between change in mood and 11 C-raclopride binding potential before and after smoking a regular or denicotinized cigarette, indicating that greater dopamine release predicts more mood improvement (Brody et al, 2009b) .
Among smokers, our results agree with previous studies showing correlations between subjective reports of withdrawal symptoms (including craving) and changes in rCBF (Franklin et al, 2007; Rose et al, 2003; Tanabe et al, 2008; Wang et al, 2007) . Our results are also consistent with imaging studies using individuals addicted to drugs other than nicotine: Studies in which drug abusers are shown drug cues during a brain scan have reported increased activity in the dorsolateral prefrontal cortex, medial temporal lobe, and cerebellum among cocaine abusers (Grant et al, 1996) , and increased activity in the inferior frontal cortex, fusiform gyrus, and cerebellum among heroin abusers (Xiao et al, 2006) . The role that these regions have in working, episodic, and emotional memory suggests the fronto-temporo-cerebellar regions form a cognitive and emotional memory circuit that may underlie drug craving (Grant et al, 1996) . The role of the cerebellum in addiction is poorly understood, but evidence suggests that the cerebellum contributes to executive function and inhibitory control (Bellebaum and Daum, 2007; Hester and Garavan, 2004; Rapoport et al, 2000) . Our results indicate that increased brain activity in these regions is associated with strong drug cravings, which may reflect an enhanced cognitive-emotional memory circuit that promotes the anticipation of cigarette smoking.
Nicotine Vs Non-Nicotine Components of Tobacco Withdrawal
Increasing data support a critical role for non-nicotine psychoactive and sensorimotor effects in tobacco reinforcement and dependence. For instance, there is evidence that other components of tobacco smoke, such as the condensation products of acetaldehyde, have reinforcing properties and probably contribute to tobacco's addictive potential (Talhout et al, 2007) . However, the contributions of nicotine and non-nicotine components to withdrawal symptoms are not well understood. Smoking denicotinized cigarettes can reduce cravings as much as nicotinized cigarettes (Domino et al, 2013) , and a nicotine patch in the absence of smoking has been shown to have a limited, but significant, effect on reducing cravings and other withdrawal symptoms (Levin et al, 1994; Rose et al, 2001; Shiffman et al, 2006) . This begs the question: are there identifiable differences between cravings for nicotine and cravings for the non-nicotine components of cigarettes? If so, are there withdrawal symptoms specific to the non-nicotine components of cigarettes that can be addressed to assist cessation?
In the current study, only three subscales of the SJWS were affected by the Patch and Smoke conditions, but all three of these subscales increased from the DENIC to the ABST conditions and from the NIC to the PLA conditions (albeit less robustly). Thus, we cannot infer the differential effects of nicotine or the non-nicotine components of smoking on these withdrawal subscales. A closer examination of the SJWQ subscales supports this inference. The questions regarding craving are broad (eg, Do you have an urge to smoke a cigarette? Are you thinking of cigarettes), and responses could be related to either the nicotine or non-nicotine components of cigarette smoking. Likewise, responses to the negative affect subscale (eg, Do you feel tense? Do you feel irritable?) could be due to both the nicotine and non-nicotine components of smoking as well, as both components are known to have psychoactive properties that affect mood. On the other hand, questions in the habit withdrawal subscale (eg, Do you miss having something to do with your hands? Do you miss inhaling cigarette smoke?) are specific to the sensorimotor aspects of smoking, yet subjects reported a reduction in habit withdrawal while wearing the nicotine patch during abstinence. More research is needed to understand the relationship between these three subscales.
Unlike the relationship between rCBF and craving, the correlations we found between rCBF, negative affect, and habit withdrawal had a very limited extent and should be interpreted with caution. It is possible that craving, negative affect, and habit withdrawal are all integrally related, and the different relationships strengths between rCBF and the three SJWQ subscales could be accounted for by differences between the subscales themselves. For instance, the negative affect and habit withdrawal subscales consist of fewer question items than craving, and negative affect and habit withdrawal had slightly lower scores (shown in Figure 1) . Alternatively, if the absence of a relationship between rCBF and other subscales is valid, this suggests that 'craving' is a unique condition related to the act of smoking, but unrelated to other tobacco withdrawal symptoms.
A useful addition to this line of research would be a measure that could differentiate between nicotine and nonnicotine effects of tobacco abstinence on withdrawal symptoms and craving. Although there are several measures of nicotine and tobacco withdrawal symptoms currently available (West et al, 2006) , the development of a self-report scale that can parse apart withdrawal symptoms related to nicotine vs non-nicotine effects of tobacco is warranted.
Effects of Smoking on CBF
A number of previous studies have investigated the effects of tobacco smoking on CBF. Long-term cigarette smoking has been shown to reduce rCBF (Rogers et al, 1985; Yamashita et al, 1988) , possibly by hypocapnia caused by small airway disturbances (Yamashita et al, 1988) or by impaired neurovascular coupling owing to structural changes in blood vessels (Boms et al, 2010) . rCBF decreases with advancing age, and differences between smokers and nonsmokers become more apparent in later years (Yamashita et al, 1988) . In agreement with this previous work, we found slightly lower gCBF levels among smokers compared with nonsmokers; this finding and a replication of previously observed sex differences (Gur and Gur, 1990) validate of our methods.
Acutely following cigarette smoking or nicotine administration, smokers have reduced global brain activity, reduced CBF, and increased regional responses in the prefrontal cortex, thalamus, and visual cortex; however, decreased regional responses have also been reported (Domino et al, 2000 (Domino et al, , 2004 Mathew and Wilson, 1991; Rose et al, 2003 , for review, see Storage and Brody, 2012) . Some of these differences may depend on whether smokers were abstinent or satiated when scanned (Tanabe et al, 2008; Zubieta et al, 2005) . For instance, nicotine administered following overnight abstinence in smokers reduced rCBF in the temporal cortex and amygdala and increased rCBF in the thalamus (Zubieta et al, 2001) . However, compared with smoking a denicotinized cigarette, smoking a regular cigarette increased rCBF in the occipital cortex, cerebellum, and thalamus and decreased rCBF in the anterior cingulate, nucleus accumbens, amygdala, and hippocampus (Zubieta et al, 2005) . These differences may be related to the various components of cigarette smoke, different densities of nicotinic receptors among brain regions, individual differences among subjects, or differences in study design and methodologies. In particular, the route of administration (eg, intravenous, intranasal, dermal absorption) affects nicotine pharmacokinetics and may not replicate the inhalation of nicotine from cigarette smoke.
Limitations
Our study is not without limitations. pASL is a popular CBF imaging modality because of its straightforward implementation and high tagging efficiency. However, pASL has a lower signal-to-noise ratio than other modalities such as pseudocontinuous arterial spin labeling (pCASL) (Wu et al, 2007) . The use of pCASL could have improved our detection of regional CBF patterns, although pASL and pCASL have been shown to produce similar mean perfusion levels (Gevers et al, 2011) . Also, we obtained 24 image slices, which are more slices than usually obtained in perfusion imaging. It is possible that the end slices did not receive adequate signal for perfusion estimation, and this could account for our low whole-brain gray matter estimates. Second, the Quest 3 brand of denicotinized cigarettes yields 0.05 mg of nicotine, which can result in 26% a4b2 nAChR occupancy (Brody et al, 2009a) . This concentration of nicotine is significantly lower than regular cigarettes (which contain 1.2-1.4 mg of nicotine and occupy about 88% of nACh receptors (Brody et al, 2006) ); however, a 0.05 mg concentration of nicotine may be enough to induce feelings of satiety and offset withdrawal symptoms. In the study by Brody and colleagues, no relationship was found between receptor occupancy and withdrawal symptoms, which suggests there may be non-nicotine sensorimotor factors that are partly responsible for the relief of withdrawal (2009). Third, although we confirmed smoking satiety and abstinence with CO levels, we do not have a measure of serum nicotine concentrations. The concentrations of nicotine within-and between-subjects could have provided additional information regarding the fluctuation of withdrawal symptoms. Fourth, we used a fixed dose of 21 mg/d for the nicotine patch. Although this is the recommended supplementary dose for regular smokers, it does not take into account between-subject variations in preferred dose. It may have been too strong of a dose for some subjects and too weak of a dose for others. Also, dermal nicotine absorption has different pharmacokinetics than smoke inhalation (Benowitz et al, 1997) . Last, we do not have a 'smoking as usual' condition for comparison; we did not scan subjects after smoking their own brand of cigarettes. Subjects may have had different expectations for the denicotinized cigarettes than for their usual brand, which could have influenced their self-report withdrawal scores and brain responses. Future studies in which expectancies are also manipulated (as in Harrell and Juliano, 2012) are warranted.
Implications for Treatment and Tobacco Regulation
The findings from this study may help explain smoking relapse during nicotine replacement therapy, as nicotine replacement therapy does not substitute the sensorimotor or other non-nicotine psychoactive components of smoking. The development of electronic cigarettes as a form of nicotine replacement therapy should be addressed in future research because they partially replicate the sensorimotor aspects of smoking. Other novel approaches to help smokers quit include smoking denicotinized cigarettes prior to a cessation attempt. Our results are also consistent with the view that presenting denicotinized cigarettes concurrently with the nicotine patch decouples the usual reinforcing effects of rapid nicotine administration from the sensorimotor effects of smoking, thereby promoting extinction of the reinforcing value of these sensorimotor cues. Current research in our laboratory is investigating the effects of such an intervention on smoking behavior, brain function, and cessation success. However, denicotinized cigarettes deliver other psychoactive compounds that could reinforce smoking behavior and prolonging exposure to these chemicals could undermine a quit attempt. Furthermore, reducing nicotine in cigarettes to levels below an addiction threshold has been proposed as a component of future FDA tobacco regulation.
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